Dendrodendritic synapses between mitral (or tufted) and granule cells of the olfactory bulb play a major role in the processes of odor discrimination and olfactory learning. Release of glutamate at these synapses activates postsynaptic receptors on the dendritic spines of granule cells, as well as presynaptic NMDA receptors in the mitral cell membrane. However, immunocytochemical studies have failed to demonstrate the presence of ionotropic glutamate receptors in granule cell dendrites. By using a postembedding immunogold procedure, we describe here the precise organization of neurotransmitter receptors at dendrodendritic synapses. We show that there is a selective localization of glutamate and GABA receptors at asymmetric and symmetric synaptic junctions, respectively. In addition, we demonstrate that NMDA and AMPA receptors are clustered at postsynaptic specializations on granule cell spines and that they are extensively colocalized. Conversely, glutamate receptors do not appear to be concentrated in clusters on mitral cell dendrites, suggesting that the presynaptic effects of glutamate are mediated by a small complement of extrasynaptic receptors. By analyzing the subsynaptic distribution of the NR1 and GluR2/3 subunits, we show that they are distributed along the entire extent of the postsynaptic specialization, indicating that both NMDA and AMPA receptors are available for dendrodendritic signaling between mitral and granule cells. These results indicate that the principles recently found to underlie the organization of glutamate receptors at axospinous synapses also apply to dendrodendritic synapses.
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The reciprocal synapses between mitral (and tufted) and granule cells of the olfactory bulb were the first dendrodendritic synapses described in the CNS (Hirata, 1964; Rall et al., 1966) . These synapses are located in the external plexiform layer (EPL) in which they constitute the large majority of the synaptic junctions and consist of an asymmetric mitral-to-granule synapse directly adjacent to a symmetric granule-to-mitral synapse (Price and Powell, 1970a,b) . The dendrodendritic circuit forms the basis for feedback inhibition of the mitral cells and provides a mechanism for lateral inhibition that may be relevant for odor discrimination and olfactory learning (Yokoi et al., 1995; Brennan and Keverne, 1997) .
Because of their unique properties and their importance for olfactory processing, dendrodendritic synapses have been studied intensively (for review, see Shepherd and Greer, 1998) . These studies have demonstrated that mitral cells release glutamate and excite granule cell dendrites (Trombley and Shepherd, 1992; Wellis and Kauer, 1994) , which in turn mediate GABAergic inhibition back onto the mitral cells (Nicoll, 1971; Nowycky et al., 1981a; Jahr and Nicoll, 1982; Wellis and Kauer, 1993) . Recent electrophysiological investigations have revealed unexpected properties of dendrodendritic synapses, including a dependence on NMDA, rather than AMPA, receptors for the activation of granule cells (Isaacson and Strowbridge, 1998; Schoppa et al., 1998 ) and a self-excitation of mitral cell dendrites, similarly dependent on NMDA receptors (Aroniadou-Anderjaska et al., 1999; Isaacson, 1999) . Based on these observations, one would hypothesize that NMDA receptors are located presynaptically as well as postsynaptically at dendrodendritic synapses, but this remains to be shown by anatomical techniques. Likewise, it is not known whether NMDA and AMPA receptors differ in their distance from the presynaptic active zones, which could explain why AMPA receptors are less effective than NMDA receptors at eliciting GABA release from granule cells. The specialized arrangement of reciprocal synapses also suggests that NMDA receptors could be located close to the GABA release sites on granule cell dendrites and that entry of calcium through these receptors could contribute to trigger the release of GABA (see Discussion in Isaacson and Strowbridge, 1998; Schoppa et al., 1998) .
Although much attention has been focused on the physiological properties of dendrodendritic interactions, little is known on the organization of neurotransmitter receptors at reciprocal synapses. The subsynaptic localization of receptors is now regarded as a major determinant of the behavior of synaptic connections (Luján et al., 1997; Ottersen and Landsend, 1997; Nusser, 1999) and is particularly relevant in the case of reciprocal junctions. Surprisingly, recent immunocytochemical investigations have failed to demonstrate glutamate receptors on the dendritic spines of granule cells, although there is evidence that both ionotropic and metabotropic glutamate receptors may be located presynaptically in mitral cell dendrites (van den Pol, 1995; Montague and Greer, 1999) . In the present study, we used a sensitive, high-resolution immunogold procedure (Matsubara et al., 1996) to characterize the distribution of ionotropic glutamate receptors at dendrodendritic synapses. To our knowledge, this is the first analysis of the precise distribution of glutamate receptors at a dendrodendritic synapse.
MATERIALS AND METHODS
T issue preparation. Adult (3 months old) Wistar rats were deeply anesthetized by an intraperitoneal injection of sodium pentobarbital (50 mg / kg) and perf used through the left ventricle with 2% ice-cold dextran (molecular weight 70,000) in 0.1 M sodium phosphate buffer (PB), pH 7.4, for 15 sec, and then by 4% formaldehyde (freshly depolymerized from paraformaldehyde) in 0.2 M acetate buffer, pH 6.0, followed by 4% formaldehyde in 0.2 M sodium carbonate buffer, pH 10.5, room temperature (50 ml /min for 20 min). This "pH-shift" protocol has been found previously to provide optimal detection of the antigenic epitopes combined with good ultrastructural preservation (Nagelhus et al., 1998) . Specimens from the main olfactory bulb were rinsed in PB with 4% glucose (4°C, overnight), cryoprotected in increasing concentrations of glycerol (10, 20, and 30% in PB) , and rapidly frozen in liquid propane in a cryofixation unit (K F80; Reichert, Vienna, Austria). They were then freeze-substituted with methanol and embedded in L owicryl HM20 (L owi, Waldkraiburg, Germany), as described previously (Hjelle et al., 1994; Chaudhry et al., 1995) .
Antibodies. The antibodies against glutamate receptors have been raised in rabbits against synthetic peptides corresponding to the C -terminal domain of the following subunits: N R1, GluR1, GluR2, GluR2/3, and GluR4. They were obtained from Chemicon (Temecula, CA) or were kind gifts of Dr. Robert J. Wenthold (National Institutes of Health, Bethesda, MD). For GABA A receptor immunocytochemistry, we used monoclonal antibody bd-17, which recognizes the ␤2 and ␤3 subunits (Haring et al., 1985) . This antibody was a kind gift of Dr. Jean-Marc Fritschy (Institute of Pharmacology, University of Zurich, Zurich, Switzerland). All of these antibodies have been thoroughly characterized and widely used for immunocytochemical localization of glutamate and GABA receptors with light and electron microscopic immunocytochemistry (Petralia and Wenthold, 1992; Petralia et al., 1994 Petralia et al., , 1997 Fritschy and Mohler, 1995; Nusser and Somogyi, 1997; Takumi et al., 1999b) .
Postembedding immunoc ytochemistr y. Ultrathin sections were collected on uncoated nickel grids (500 mesh) and processed for immunogold cytochemistry as described by Matsubara et al. (1996) . Briefly, the sections were etched with a saturated solution of NaOH in absolute ethanol for 2-3 sec, rinsed with double-distilled water, and incubated sequentially in the following solutions (at room temperature): (1) 0.1% sodium borohydride and 50 mM glycine in Tris buffer (5 mM) containing 0.1-0.9% NaC l and 0.1% Triton X-100 (TBN T) (10 min); (2) 2% human serum albumin (HSA) in TBN T (10 min); (3) antibodies to NMDA, AMPA, or GABA A receptor subunits (2.5, 2, and 20 g /ml, respectively) in TBN T containing 2% HSA (overnight); (4) TBN T (several rinses) and 2% HSA in TBN T (10 min); and (5) goat anti-rabbit or goat anti-mouse Fab fragments coupled to 10 nm colloidal gold particles (GFAR10 and GFAM10; British BioC ell International, C ardiff, UK), diluted 1:20 in TBN T with 2% HSA and 0.05% polyethyleneglycol (2 hr). The grids were then rinsed several times in double-distilled water, counterstained with uranyl acetate and lead citrate, and examined in a Philips EM 410 electron microscope. Double immunogold labeling. T wo methods were used to determine whether the N R1 subunit of NMDA receptors and the GluR2/3 subunit of AM PA receptors occur at the same synapses on the dendritic spines of granule cells. (1) Double labeling was performed by using formaldehyde vapor to avoid interference between the two sequential labeling procedures (Wang and Larsson, 1985; Ottersen et al., 1992) . The first immunolabeling (N R1) was performed as described using a secondary antibody coupled to 10 nm gold particles. The sections were then exposed to formaldehyde vapor for 1 hr at 80°C. This treatment was followed by the second immunolabeling in which the localization of the other antigen (GluR2/3) was revealed by 20 nm gold particles (GAR20; British BioC ell International). The other possible combination (GluR2/3 labeling followed by N R1 labeling) was also performed. Double labelings were always accompanied by control experiments in which the incubation in the primary antibody was omitted from the second immunolabeling procedure. In these cases, only the immunoreactivity specific for the first immunolabeling procedure was detected. (2) Pairs of consecutive sections collected on single-slot grids were labeled for either N R1 or GluR2/3 as described above.
Quantitative anal ysis. The proportion of synapses immunopositive for N R1 or GluR2/3 was assessed directly in the electron microscope by analyzing randomly selected grid squares. Every asymmetric synapse was recorded, and the number of gold particles was calculated. A synapse was considered immunopositive when it contained at least two gold particles in the synaptic cleft or postsynaptic density (Baude et al., 1995; Rubio and Wenthold, 1997; Bernard and Bolam, 1998) . Colocalization of NMDA and AM PA receptors was assessed in photographic montages taken from paired consecutive sections labeled for either N R1 or GluR2/3 (see also Results).
The distribution of labeling along the axis perpendicular to the postsynaptic membrane (radial axis) was determined by examining micrographs of transversely cut synaptic profiles, with well defined presynaptic and postsynaptic membranes. The original micrographs (105.000ϫ) were digitized on an Epson GT-7000 Photo scanner, and the distance between the center of gold particles and the midpoint of the postsynaptic membrane was measured with N IH Scion Image software. To define the tangential distribution of labeling along the postsynaptic specialization, the distance of each gold particle from the center of the synaptic profile was measured and normalized. The data, expressed as percentage of gold particles, were grouped in five bins along the mediolateral extent of the postsynaptic specialization.
Nomenclature. No obvious difference has been found between the dendrites of mitral cells and those of tufted cells in conventional electron microscopic studies. Unless specified, in the present study the term mitral cell dendrite refers to dendrites of both types of principal neuron.
RESULTS

Synaptic organization of the EPL
In the EPL, the secondary (basal) dendrites of mitral cells establish reciprocal synapses with the dendritic spines (gemmules) of granule cells (Rall et al., 1966; Price and Powell, 1970b) . These reciprocal pairs constitute over 80% of all synaptic junctions in this layer (Shepherd and Greer, 1998) . Examples of the reciprocal synapses are shown in Figure 1 . Figure 1 A shows a reciprocal synaptic junction that was labeled with an antiserum against the NR1 subunit of the NMDA receptor. The mitral-to-granule synapse is asymmetric (Colonnier, 1968) and is strongly labeled. Conversely, the granule-to-mitral synapse is symmetric and is unlabeled. Figure 1 B shows another reciprocal synapse, labeled with an antibody against two GABA A receptor subunits (␤2 and ␤3). Gold particles are precisely located over the symmetric synapse and are absent from the asymmetric synapse. Hence, these results are consistent with electrophysiological studies, which indicate that the mitral-to-granule synapses are glutamatergic and the granule-to-mitral ones are GABAergic (for review, see Trombley and Shepherd, 1993) .
Although there is evidence that all synapses between mitral and granule cells occur in pairs (Price and Powell, 1970d; Jackowski et al., 1978; Woolf et al., 1991) , demonstration of the reciprocal arrangement often requires reconstruction of serial sections. Even in single sections, however, dendrodendritic synapses can usually be identified according to morphological criteria (Price and Powell, 1970b) . It should be emphasized that mitral cells can also form reciprocal dendrodendritic synapses with a different type of GABAergic interneuron, although such synapses probably occur at a much lower density than those with granule cells (Toida et al., 1996) . Therefore, although in the present study we will refer to dendrodendritic synapses as those occurring between mitral and granule cells, the possibility exists that at least some of them involve a different type of interneuron.
Another type of asymmetric synapse in the EPL is the one formed by centrifugal afferents with the gemmules of granule cells (Price and Powell, 1970c) . The axon terminals involved in these junctions are usually filled with vesicles and appear much darker than the mitral cell dendrites (Fig. 1C) . Therefore, axodendritic synapses can be recognized by their morphology. In the present study, axodendritic synapses were observed only occasionally and were found to be labeled with the antibodies against both NMDA (data not shown) and AMPA receptors (Fig. 1C) . Thus, it is likely that at least some of the axodendritic synapses in the EPL are glutamatergic.
Localization of NMDA receptors at dendrodendritic synapses
The distribution of NMDA receptors in the EPL was investigated with an antiserum against the NR1 subunit, the obligatory subunit for all functional NMDA receptors (Moriyoshi et al., 1991; Kutsuwada et al., 1992; Meguro et al., 1992; Monyer et al., 1992) (for review, see Nakanishi, 1992) . Most of the immunoparticles representing the NR1 subunit were associated with asymmetric synapses and were usually not present at symmetric junctions (Fig. 1 A) . As noted in the previous section, the large majority of the labeled synapses were dendrodendritic and were between mitral and granule cells (Fig. 2) . If we assume as criterion for defining an immunopositive synapse the presence of at least two gold particles within the postsynaptic specialization (Baude et al., 1995; Rubio and Wenthold, 1997; Bernard and Bolam, 1998) , Figure 1 . Synaptic organization of the EPL. A shows a reciprocal dendrodendritic synapse between a mitral cell (mc) and a granule cell ( gc), labeled with an antibody against the NR1 subunit of the NMDA receptor. There is strong immunolabeling over the asymmetric junction (thick filled arrow) but no labeling at the symmetric one (open arrow). Gold particles are distributed along the postsynaptic density, although some appear to be more closely associated with the presynaptic membrane. Another asymmetric synapse with a different granule cell spine is also labeled (bottom thick filled arrow). A few gold particles are sparse in the cytoplasm of the mitral cell dendrite, and two might be associated with the extrasynaptic membrane of the granule cell (small arrow). The triangle indicates a punctum adherens. B shows another reciprocal synapse that was labeled with an antibody against the ␤2/3 subunit of the GABA A receptor. Immunolabeling occurs only at the symmetric junction (open arrow). C shows an axodendritic synapse that was labeled for GluR2/3. This synapse is cut obliquely and displays a particularly strong immunolabeling. The axon terminal (Ax) is filled with vesicles and appears much darker than mitral cell dendrites (compare with A and B). Axodendritic synapses occur at a low density in the EPL. Scale bars: A, 200 nm; B, C, 240 nm.
89.9% of the asymmetric synapses in our sample (152 of 169) were labeled. This is probably an underestimate, considering that we used single, rather than serial, sections to assess each synapse (Nusser et al., 1998) . In addition, only eight synapses (4.7%) displayed no gold particles at all. We thus conclude that the large majority, and possibly all of the mitral-to-granule synapses, express NMDA receptors. This conclusion is in line with results from the hippocampus in which close to 100% of the Schaffercommissural synapses in the CA1 stratum radiatum were immunopositive for the NMDA receptor (Takumi et al., 1999b) .
Outside of synaptic specializations, gold particles were found at a much lower density. Some particles were located in the cytoplasm of mitral cell dendrites in which they often formed small clusters. Only a few particles appeared to be associated with extrasynaptic membrane domains (Fig. 2 ).
There were cases in which gold particles seemed to be closely associated with the presynaptic membrane (Fig. 1 A) . To determine whether NMDA receptors can be expressed presynaptically, we analyzed the distribution of gold particles along the axis perpendicular to the postsynaptic membrane. A total of 548 particles were analyzed in a sample of 71 synapses. The labeling pattern was consistent with a predominantly postsynaptic localization of NMDA receptors (Fig. 3A) . In fact, particle density was highest within the postsynaptic membrane and exhibited a smaller peak at 18 nm inside the granule cell dendrite, but there was no peak on the presynaptic side. Tangentially, gold particles (331 particles in 42 synapses) were distributed along the entire extent of the postsynaptic specialization, although they were more concentrated at the center (Fig. 4 A) .
Localization of AMPA receptors at dendrodendritic synapses
Native AMPA receptors are believed to be hetero-oligomeric complexes assembled from four different subunits, named GluR1-GluR4 (Hollmann et al., 1989; Boulter et al., 1990; Keinänen et al., 1990; Nakanishi et al., 1990 ) (for review, see Hollmann and Heinemann, 1994) . All of the cloned AMPA receptor subunits are expressed in the olfactory bulb (Keinänen et al., 1990; Petralia and Wenthold, 1992; Molnar et al., 1993; Martin et al., 1993; Giustetto et al., 1997; Montague and Greer, 1999) , but their precise localization within the olfactory synaptic circuits has not been determined. To investigate the cellular and subcellular localization of AMPA receptors in the EPL, we used four different antibodies that recognize the following subunits: GluR1, GluR2, GluR2/3, and GluR4. All of the antibodies labeled the asymmetric synapses established by mitral cell dendrites with granule cell gemmules ( Fig. 5A-C; GluR1 not shown). The granule-to-mitral synapses were generally unlabeled (Fig. 6 A) , although occasionally gold particles were found over symmetric synaptic specializations (data not shown). Outside of synaptic specializations, there was only poor labeling in the cytoplasm of mitral and granule cell dendrites. Only the antibody against GluR2/3 produced a strong and consistent labeling of asymmetric synapses (Fig. 6 A, B) , which allowed for quantitative evaluation of the immunoreactivity. In a sample of 155 synapses, 125 (80.6%) contained at least two gold particles, and only 10 (6.4%) were completely devoid of particles. Because it cannot be excluded that even immunonegative synapses contain a significant number of receptors (Nusser et al., 1998) , these results indicate that the large majority of the asymmetric synapses in the EPL express AMPA receptors.
To determine what is the exact localization of AMPA receptors with respect to the postsynaptic membrane, we analyzed the distribution of gold particles along the presynaptic-to-postsynaptic axis (404 particles in 58 synapses). The distribution was essentially normal and displayed a single peak just inside the postsynaptic membrane (Fig. 3B) , suggesting that no or very few AMPA receptors are expressed presynaptically. The analysis of the tangential distribution of gold particles (316 particles in 41 synapses) showed that the labeling was relatively even in the central part of the synapse and decreased in intensity at the periphery (Fig. 4 B) . It should be noted that the decrease of labeling at the periphery of the postsynaptic specialization may be explained in part by the fact that some of the gold particles signaling peripheral receptors will end up lateral to the postsynaptic density and thus fail to be recorded .
Colocalization of NMDA and AMPA receptors
The high proportion of NR1-and GluR2/3-positive synapses observed in the EPL suggested that NMDA and AMPA receptors are extensively colocalized at dendrodendritic synapses. This was confirmed by double-labeling experiments, in which gold particles of different size (10 and 20 nm, respectively) were used for simultaneous visualization of the NR1 and GluR2/3 subunits on the same sections (Fig. 7A-D) . This analysis also suggested that the two receptor types are intermingled rather than expressed in distinct subdomains of the postsynaptic specialization.
The use of 20 nm gold particles caused a significant reduction in the labeling intensity, and a larger proportion of immunonegative synapses was detected already by visual inspection. To assess quantitatively the colocalization between NMDA and AMPA receptors, we therefore analyzed consecutive sections that had been labeled for either NR1 or GluR2/3, using secondary antibodies coupled to 10 nm gold particles (data not shown). Micrographs were taken from two series of consecutive sections, and a total of 65 synapses were sampled. Only synapses that could be clearly identified in both sections of each pair were included in this analysis. Based on the criterion of more than one gold particle per synapse, NMDA and AMPA receptors were found to be colocalized in 54 synapses (83%), whereas eight synapses (12%) were NR1-positive and GluR2/3-negative, and three (5%) were NR1-negative and GluR2/3-positive.
DISCUSSION
In this study, we have characterized the organization of neurotransmitter receptors at dendrodendritic synapses in the olfactory bulb. We have shown that there is a selective localization of glutamate and GABA receptors at asymmetric and symmetric synapses, respectively. This is consistent with the general idea that glutamate released from mitral cell dendrites activates granule cells and that the reciprocal inhibition of mitral cells is mediated by GABA (for review, see Shepherd and Greer, 1998) . We have also demonstrated that the NR1 and GluR2/3 subunits of glutamate receptors have a highly compartmentalized distribution on granule cell dendrites and that they are clustered at postsynaptic specializations of asymmetric synapses. In contrast, Each bin represents one-fifth of the diameter of the postsynaptic specialization, with zero defined as the center. The data were pooled from 42 ( A) and 41 ( B) synapses. Only synaptic profiles with a diameter of at least 200 nm were included in this analysis. Immunolabeling occurs along the mediolateral extent of the postsynaptic specialization, with a decrease at the periphery. NR1 appears to be more concentrated at the center of the synapse, whereas the distribution of GluR2/3 is more uniform. glutamate receptors were not expressed at detectable levels on mitral cell dendrites.
Glutamate receptors in granule cells
Granule cell dendrites in the EPL receive excitatory input from two sources (Price and Powell, 1970b) : from the dendrites of mitral cells, which represent the major input to granule cells, and from axon terminals, which account for a more limited number of synapses. In the present study, both types of synapse (dendrodendritic and axodendritic) were found to be labeled by antibodies raised against NMDA and AMPA receptor subunits. The results reported here were based on a sensitive postembedding immunogold technique that allows reliable localization of the epitopes with a high anatomical resolution (Matsubara et al., 1996) . It should be noted that previous studies based on preembedding immunocytochemistry failed to demonstrate glutamate receptors in the apical dendrites of granule cells (Montague and Greer, 1999; M. Giustetto and M. Sassoè-Pognetto, unpublished observations) . This almost certainly has to do with limitations of the preembedding method, such as poor penetration of the antibodies.
The quantitative analysis in this study revealed that at least 90 and 80% of dendrodendritic synapses express NMDA and AMPA receptors, respectively, and that colocalization of NR1 and GluR2/3 occurs in a major proportion of dendritic spines. This is consistent with the electrophysiological results of Schoppa et al. (1998) , who analyzed miniature EPSCs in granule cells. However, these results leave open the possibility that a small number of dendrodendritic synapses contain NMDA receptors but not AMPA receptors (an even smaller number could be endowed with the complementary receptor profile). A conclusive demonstration of this would require analysis of consecutive sections aimed at determining the receptor content through the postsynaptic area (Nusser et al., 1998; Takumi et al., 1999b) .
The subunit composition of glutamate receptors that are expressed by granule cells can only be inferred from previous in situ hybridization analyses. Thus, NMDA receptors are likely to be heteromeric complexes composed of the NR1 subunit combined with NR2A and/or NR2B (Watanabe et al., 1993) . All currently known AMPA receptor subunits are expressed by granule cells (Keinänen et al., 1990) , and all have been identified in granule cell spines (Fig. 5) . In the present study, the antibody against GluR2/3 provided the highest labeling efficacy, perhaps because it recognizes two different subunits. The fact that AMPA receptors in olfactory bulb interneurons have a low calcium permeability (Jardemark et al., 1997) would suggest that the GluR2 subunit is a common constituent of these receptors in granule cells (Hollmann and Heinemann, 1994) . Montague and Greer (1999) reported that the GluR1 and GluR2/3 subunits are quite homogeneously distributed in the EPL, whereas the GluR4 subunit is restricted to the most superficial part of this layer. Thus, it is possible that the GluR4 subunit is present in only a subset of dendrodendritic synapses.
It has been shown that dendrodendritic synapses possess unique functional properties, such as a dependence on NMDA receptors rather than AMPA receptors for their activation (Isaacson and Strowbridge, 1998; Schoppa et al., 1998) . Here, we have shown that NMDA and AMPA receptors are colocalized at dendrodendritic synapses and that they are distributed along the entire postsynaptic specialization of granule cell spines. The distribution of GluR2/3 was more uniform than that of NR1, the latter showing a more pronounced mediolateral gradient (Fig. 4) . Apart from these subtle differences, however, our data suggest that glutamate released from mitral cell dendrites must have an almost equal access to NMDA and AMPA receptors. This implies that differences in the subsynaptic organization of the two glutamate receptor subtypes cannot account for the ineffective- ness of AMPA receptor-mediated responses, which most likely derives from intrinsic properties of the granule cell plasma membrane (Schoppa and Westbrook, 1999) .
Our results also have implications for the molecular mechanisms that are responsible for the release of GABA from granule cell spines. The reciprocal arrangement of dendrodendritic synapses has led to the hypothesis that calcium entry through NMDA receptors could trigger directly the release of GABA. However, because neurotransmitter release requires high calcium concentrations within subsynaptic microdomains (Zucker et al., 1999) , the selective localization of NMDA receptors at asymmetric synaptic junctions and their exclusion from GABA release sites on the granule cell membrane make this possibility unlikely. This is consistent with the findings of Isaacson and Strowbridge (1998) , who demonstrated that voltage-activated calcium channels play a critical role in dendrodendritic recurrent inhibition.
Glutamate receptors in mitral cells
There is general agreement that mitral cells do not receive excitatory synapses on their basal dendrites in the EPL, and the distribution of glutamate receptors reported here is consistent with this view. Despite this lack of excitatory inputs, dendritic release of glutamate from mitral cells causes self-excitation, which becomes apparent when the inhibitory feedback from granule cells is removed pharmacologically (Nowycky et al., 1981b; Nicoll and Jahr, 1982) . Three independent studies have now shown that this recurrent excitation of mitral cell dendrites depends entirely on NMDA receptors (Chen et al., 1998; Aroniadou-Anderjaska et al., 1999; Isaacson, 1999) . According to Isaacson (1999) , spillover of glutamate can also activate NMDA receptors on neighboring mitral cells. These findings are in apparent contrast with our results, which did not reveal clusters of glutamate receptors on the dendritic membrane of mitral cells. The most obvious explanation for this discrepancy is that the glutamate receptors at this site occur at such low concentrations that they escape detection by the present immunogold approach (see Baude et al., 1995 for an extensive discussion of the immunocytochemical detection of synaptic and nonsynaptic receptors). If this explanation is correct, the recurrent excitation of mitral cells could result from the activation of a small complement of receptors located on the presynaptic dendrite. This would introduce an important concept, that ionotropic glutamate receptors located outside of synaptic specializations may play an important role in cell-to-cell communication. However, because the self-excitation of mitral cells was recorded under conditions that facilitate the activation of NMDA receptors (e.g., low extracellular Mg 2ϩ ), it is still questionable whether this effect is relevant for synaptic communication in the olfactory bulb.
Subsynaptic organization of glutamate receptors
The analysis of the radial distribution of gold particles revealed unexpected differences in the postsynaptic organization of the NR1 and GluR2/3 subunits. For GluR2/3, the distribution was essentially similar to that reported by Matsubara et al. (1996) at inner hair cell synapses and showed a single peak on the cytoplasmic side of the postsynaptic membrane. Conversely, the distribution of NR1 revealed a major peak inside the postsynaptic membrane and a second peak positioned ϳ18 nm intracellularly. These "twin peaks" could reflect the presence of different NR1 splice variants, bearing different tail lengths. In agreement, the antibody that we used recognizes four splice variants of the NR1 subunit that differ in their C terminus Hollmann and Heinemann, 1994) , and all these isoforms are expressed by granule cells (Laurie et al., 1995) . An alternative explanation is that the C-terminal domain has different configurations, which depend on its dynamic interactions with the cytoskeleton. In support of this intriguing possibility, it has been shown that the binding of NR1 to ␣-actinin is displaced by calmodulin (Wyszynski et al., 1997) , a process that might explain the calcium-dependent inactivation of NMDA receptors (Ehlers et al., 1996; Zhang et al., 1998; Krupp et al., 1999) .
The present results suggest that the principles underlying the organization of ionotropic glutamate receptors might be the same at axospinous and dendrodendritic synapses (Nusser et al., 1994 (Nusser et al., , 1998 Popratiloff et al., 1996; Kharazia and Weinberg, 1997; Landsend et al., 1997; Bernard and Bolam, 1998; He et al., 1998; Wang et al., 1998; Takumi et al., 1999a) . The major similarities are as follows. (1) Both NMDA and AMPA receptors are precisely concentrated in the postsynaptic specialization, with few receptors lateral to this. (2) There is a rather even distribution of receptors along the mediolateral extent of the postsynaptic specialization (Figs. 4, 7) . Thus, a distinct accumulation of AMPA receptors at the periphery of the synapse may be a feature restricted to select types of synapse with specialized release sites, such as the hair cell synapses in the inner ear (Matsubara et al., 1996) . (3) When colocalized, different types of ionotropic receptors are intermingled rather than segregated into distinct subdomains of the postsynaptic density. (4) There is no sizable pool of NMDA and AMPA glutamate receptors in the presynaptic active zone. Figure 7 . Colocalization of NR1 and GluR2/3 at dendrodendritic synapses. All micrographs show asymmetric synapses between presumed mitral (mc) and granule cell ( gc) dendrites. These synapses are cut obliquely, which helps to visualize the relative distribution of the two types of gold particles. NMDA and AMPA receptors appear to be intermingled rather than segregated to different parts of the postsynaptic specialization. Size of gold particles is 10 nm for NR1 and 20 nm for GluR2/3 in A and B, and the opposite in C and D. Scale bar, 260 nm.
